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Two populations of the high-potential form of cytochrome b-559 (cyt b-559HP) can be distinguished in chloroplasts. 
In the presence of 2 I PM Ant 2p [2-(3-chloro-4-trifluoromethyl)anilino-3,5-dinitrothiophene] about one-half of the cyt 
b-559 is autooxidized in the dark. This fraction of cyt b-559HP undergoes rapid (t 1,2 = 2 ms) photoreduction followed 
by reoxidation in the dark with t ,,2 100-200 ms. Photoreduction can be inhibited by DCMU [3-(3,4-dichlorophenyl)-l,l- 
dimethylurea] and UHDBT [5-(n-undecyl)-6-hydroxy-4,7-dioxobezothiazole] but not by DBMIB (2,5-dibromo-3-methyl- 
6-isopropyl-p-benzoquinine), which suggests the involvement of Qa or the plastoquinone pool. Another fraction of cyt 
b-559HP undergoes slow (t,,g> 1 s), irreversible photooxidation in the presence of 20.1 PM Ant 2p. The presently avail- 
able data suggest that the heterogeneity of cyt b-559HP originates from PS II, centers. 
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1. INTRODUCTION 
The role of cyt b-559 in photosynthesis is 
unclear. It is associated with PS II and occurs in a 
high-potential form (Em,7 - 400 mV) and one or 
more lower potential forms [1,2]. 
Although cyt b-559 has been shown to be 
photooxidizable at 77 K or in the presence of dif- 
ferent inhibitors at the donor side of PS II [3-51 
and to be photoreducible via the Qa or the plasto- 
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quinone pool [6], the question as to whether these 
hemes are distinct has not been resolved. 
Here, we report that in chloroplasts treated with 
Ant 2p, two populations of cyt b-559HP can be 
distinguished. Approximately one-half of the 
molecules became capable of rapid reversible 
photoreduction, whereas the remaining molecules 
undergo virtually irreversible, slow photoox- 
idation. 
2. MATERIALS AND METHODS 
Chloroplasts (approx. 70% intact) were isolated according to 
[7] from leaves of 2-week-old pea seedlings grown in a 
greenhouse. Thylakoid membranes for measurements involving 
ferricyanide were prepared from chloroplasts by osmotic shock 
in 5 mM MgClz. The standard reaction medium contained 
0.35 M sorbitol, 20 mM Tricine (pH 7.7), 5 mM MgCla and 
chloroplasts or thylakoid membranes at a chlorophyll concen- 
tration of 50 pg/ml. Other additions are indicated in the figure 
legends. Menodiol was prepared from menadion as in [8]. 
Flash-induced absorption transients were measured on a 
single-beam kinetic spectrophotometer [9] and averaged in a 
CAMAC data-acquisition system. The half-bandwidth of the 
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measuring beam was 2 nm. The time resolution of the set-up 
was limited to about 0.4 ms. Unless stated otherwise 100 flash- 
induced transients were averaged at a flash frequency of 
0.37 s-r. The transients, A&9-572, in chloroplasts were cor- 
rected for the contribution of the electrochromic absorbance 
change. Correction factors at different wavelengths with respect 
to the amplitude at 515 nm were determined by using the 
gramicidin-sensitive transient spectrum of thylakoid mem- 
branes. No correction was necessary for samples containing Ant 
2p at concentrations 2 1 CM, as we found that Ant 2p ac- 
celerates the decay of the electrochromic absorbance change 
(not shown). 
Chemically induced absorbance changes associated with cyt 
b-559 were measured in the dual-wavelength mode in an Amin- 
co DW-2 spectrophotometer. Inhibitors and redox compounds 
were added to magnetically stirred samples without interruption 
of measurements. Absorbance changes induced by continuous 
light were obtained by side-illumination of the cuvette with red 
light (680 nm Oriel interference filter) of intensity 2.5 W .rn-‘. 
The photomultiplier was protected from stray light by a com- 
plementary blue filter (Corning 4-96). 
All measurements were carried out at room temperature 
(18-22’C). 
3. RESULTS 
In freshly isolated chloroplasts cyt b-559 
(hydroquinone-reducible form) is mostly in the 
reduced state, whereas the lower potential forms 
reducible by ascorbate [lo] and menadiol [I l] are 
in the oxidized state. Fig.la shows that in our 
preparation, the HP form constitutes about 2/3 of 
the cyt b-559 content. 
In the presence of Ant 2p, an ADRY reagent 
[12] which also inhibits electron transport between 
the secondary electron donor Z and primary elec- 
tron donor P680 of PS II [13], cyt b-559HP 
becomes photooxidizable [ 141. As shown in fig. 1 b, 
photooxidation is virtually irreversible in the dark 
and is accompanied by an increase in the relative 
amount of lower potential forms at the expense of 
the HP form. Addition of 1 mM FeCy in the dark 
following photooxidation did not induce further 
absorbance decrease at 559-572 nm (not shown). 
Thus, photooxidation appears to involve all ox- 
idizable cyt b-559 molecules. However, the number 
of molecules that undergo photooxidation is much 
less than that of oxidizable molecules in untreated 
chloroplasts (cf. fig.la and b). This discrepancy 
can be explained by the observation that upon ad- 
dition of Ant 2p the number of oxidized cyt 
b-559HP molecules increases relative to the un- 
treated sample (cf. fig.la and c). It can thus be 
concluded that Ant 2p promotes autooxidation of 
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Fig.1. Redox changes of cyt b-559 in thylakoid membranes in 
the absence (a) and presence (b,c) of 1 pM Ant 2p. Successive 
additions of ferricyanide (FeCy), hydroquinone (HQ), Na- 
ascorbate (Asc) and menadiol (Md) were made or side- 
illumination applied as indicated. 
about half of the cyt b-559HP molecules. Autoox- 
idation of cyt b-559 has been previously observed 
in the presence of different protonophores [ 15,161. 
Upon flash excitation of chloroplasts treated 
with Ant 2p, three kinetic components could be 
distinguished (fig.2a): a rapid photoreduction 
signal (biphasic rise; apparent half-rise time, t1/2 = 
2 ms); a decay (t1/2 - 100-200 ms) corresponding 
to reoxidation of photoreduced molecules; and a 
slow @r/2 - 2.5 s) absorbance decrease originating 
from photooxidation of cyt b-559. The rate of 
photooxidation in these experiments was similar to 
that determined in [14]. 
Photoreduction and photooxidation of cyt b-559 
could be separated experimentally. Photooxida- 
tion occurred only when the sample was changed 
between repeated excitations with a train of short 
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559-572 nm 
Fig.2. Absorbance transients, AAw+z, induced by a train of 
flashes (a,b) or by a single-turnover flash (c) in chloroplasts 
treated with 1 pM Ant 2p. Trace a, sample changed between 
repetitions; b, averaging on the same sample with 10-s dark 
intervals between excitations; a,b, average of 10 traces; c, 
average of 100 traces recorded at a repetition rate of 0.37 s-i. 
flashes (fig.2a) or a single flash (not shown). Due 
to its apparent irreversibility in the dark (fig.lb), 
photooxidation could not be observed under 
repetitive excitation. In contrast, photoreduction 
and reoxidation of molecules were independent of 
the number of repetitions (fig.2b,c). Photoreduc- 
tion thus could be observed in the absence of a 
detectable amplitude of photooxidation (fig.2b). 
On the other hand, in low-intensity continuous 
light (fig.lb), or upon excitation with a train of 
low-intensity flashes (not shown), photooxidation 
occurred in the absence of a detectable amplitude 
of photoreduction signal. 
The slow (ti/z 2 1 s) absorbance decrease has 
been identified as registering photooxidation of cyt 
6-559HP [5,14]. The rapid photoreduction signal, 
as shown by the flash-induced transient spectrum 
(fig.3), is also ascribable mainly to cyt b-559. In 
untreated chloroplasts the absorbance transient 
spectrum between 545 and 572 nm is dominated by 
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Fig.3. Transient absorbance spectrum at 10 ms following flash 
excitation of chloroplasts in the absence (o---o) and presence 
(C--O) of 1 ,DM Ant 2p. NB: In the absence of Ant 2p the 
absorbance transients of cytochrome bg andfare superimposed 
on the electrochromic absorbance changes. 
the changes due to cytochrome f and bg with no 
detectable contribution from cyt b-559 (fig.3). 
Upon addition of 1 FM Ant 2p, the transmem- 
brane electric field collapses, and owing to inhibi- 
tion of the linear electron-transport chain [ 13,141, 
the amplitudes of the absorbance transients of 
cytochrome be and f are diminished considerably. 
These changes are accompanied by a substantial 
increase in amplitude of the absorbance changes 
due to cyt b-559. (For the reduced minus oxidized 
spectrum see [17].) 
The maximum amplitude of photooxidation, in 
agreement with [14], was found to occur in the 
presence of 10.1 ,QM Ant 2p, whereas photoreduc- 
tion and autooxidation required much higher con- 
centrations of Ant 2p (fig.4). This suggests that 
autooxidation and photoreduction of cyt b-559 
cannot be correlated with the ADRY effect of Ant 
2p which is observed at much lower concentrations 
(cf. [14]). 
A similar concentration dependence of the 
photoreduction and autooxidation of cyt b-559 
(fig.4) suggests that photoreduction originates 
from the same population of molecules as that 
which undergoes autooxidation upon addition of 
Ant 2p. Indeed, photoreduction was entirely sen- 
sitive to hydroquinone (fig.5), its extent being 
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Fig.4. Dependence of absorbance changes, AAs+572, on 
concentration of Ant 2p. Amplitudes of photooxidation 
(n--o), autooxidation (Ltd) and flash-induced 
photoreduction (o---o) of cyf b-559 were determined from 
absorbance changes measured as in figs lb,c and 2c, 
respectively. 
generally between 70 and 90% of the amplitude of 
autooxidation of cyt b-559. Furthermore, 
photoreduction cannot originate from the 
photooxidized fraction of cyt b-559, because 
photooxidation lags behind photoreduction 
(fig.2a). Thus, it can be concluded that 
photoreduction of cyt b-559 originates from the 
559-572 “In 
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Fig.5. Effect of different compounds on the amplitude and 
kinetics of flash-induced photoreduction of cytochrome b-559 
in chloroplasts treated with 1 CM Ant 2p. 
autooxidizable fraction of cyt b-559HP, and that 
photooxidation arises from another population of 
cyt b-559HP. 
The rapid (ti/r = 2 ms) flash-induced 
photoreduction of cyt b-559HP, similarly to the 
slow photoreduction induced by continuous light 
[4], is fully inhibited by r 1 PM DCMU; it is also 
inhibited by UHDBT but not by DBMIB (fig.5). 
(DBMIB decelerates the rate of reduction but does 
not affect its extent.) This suggests the involvement 
of QB or the plastoquinone pool. 
4. DISCUSSION 
Our results strongly suggest he existence of two 
distinct populations of cyt b-559HP in 
chloroplasts. One population of molecules 
undergoes autooxidation promoted by 2 1 PM Ant 
2p (figs lc,4). A rapid (ti/z = 2 ms) reversible 
photoreduction of the autooxidizable population 
occurs probably via QB or the plastoquinone pool 
(fig.5). The other population of cyt b-559HP can 
undergo irreversible photooxidation (f1/2 1 1 s) in 
the presence of ~0.1 pM Ant 2p (figs 2a,4). 
Heterogeneity of cyt b-559HP is unlikely to arise 
from lateral heterogeneity of the PS II centers (i.e. 
from (Y and ,8 centers [18]). PS 110 is known to be 
present in the stroma lamellae [ 181 and no HP 
form of cyt b-559 is detectable in this region [19]. 
Furthermore, both rapid reversible photoreduction 
and slow irreversible photooxidation of cyt b-559 
occur in Ant 2p-treated PS II-enriched membrane 
fragments (BBY particles) [20] devoid of PS 11~ 
centers (Barabas and Vass, unpublished). Thus, 
heterogeneity of cyt b-559HP appears to originate 
from within the PS II, centers. 
The source of this heterogeneity is unclear. One 
of the main difficulties in resolving this problem is 
that the stoichiometry of cyt b-559HP per PS II is 
ambiguous. A number of reports suggest hat there 
are two hemes per reaction center [21-231, while 
others argue that there is only one heme within the 
PS II complex [24,25]. 
If cyt b-559 is present at a stoichiometry of one 
heme per PS II, center, the heterogeneity may 
stem from an unrecognized microenvironmental 
factor, such as the protonation state of surroun- 
ding proteins or the redox state of the donor and 
acceptor molecules. This factor in Ant 2p-treated 
chloroplasts may selectively render one fraction of 
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molecules capable of undergoing autooxidation 
followed by photoreduction while the other 
becomes photooxidizable. 
If there are two hemes per PS 11, center, the 
heterogeneity suggests that the photoreducible and 
photooxidizable cyt b-559HP molecules are in dif- 
ferent environments. Concerning the topography 
of the two hemes and the coordinating (Y- and fl- 
subunits of the cyt b-559 molecule, several possible 
arrangements have been considered [26]. Recent 
data describing the orientation of the a-subunit 
with respect o the thylakoid membrane, assuming 
a heterodimer and/or a similar orientation of the 
@subunit, would appear to favour a non- 
transmembrane arrangement of the two hemes 
[27]. Hence, the two hemes probably reside on the 
same side of the membrane. A heterogeneous 
behaviour of cyt b-559HP molecules may thus 
reflect association of the two populations of cyt 
b-559 molecule with different complexes. One of 
the forms of the cyt 6-559 molecule is closely 
associated with the Di-DZ polypeptides of the 
PS II reaction center and is capable of undergoing 
DCMU-sensitive photoreduction [28]. On the 
other hand, cyt b-559 has also been shown to 
donate electrons to P680+ when electron transport 
from the oxygen-evolving complex is blocked with 
inhibitors such as Ant 2p. This suggests that the se- 
cond population of molecules may be associated 
with the water-splitting enzyme. 
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